ABSTRACT: Cutaneous leishmaniasis caused by Leishmania tropica, transmitted by Phlebotomus sergenti and Phlebotomus arabicus, has been detected in Israel. This research strives to identify the complexity of temperature effects on vectors of L. tropica and to analyze seasonality and distribution across altitudinal levels. Sand fly trappings were conducted monthly during 2015-2016 in an endemic region for L. tropica in the eastern Galilee. Trappings were conducted in hyrax den sites across a broad topographic and climatic gradient. Using N-mixture models, we investigated the activity levels of sand flies as related to temporary and periodic climatic variables. We tested generality of climate-driven models using Root-Mean-Square Error (RMSE) values by comparing the 2015-2016 data with trapping data from 2013. P. sergenti activity was found to be positively and exponentially correlated with early night temperatures and more strongly correlated with average early-night temperatures for two weeks. P. arabicus exhibited a linear correlation with temperature. Climate-driven models for both species yielded lower RMSE values for the 2013 data, which validate the generality of the models. Considerable differences were found in slope coefficients of temperature effect on sand fly activity among sites related to elevation levels, implying differential local responses of sand flies to temperature. Journal of Vector Ecology 43 (2): 205-214. 2018.
INTRODUCTION
Leishmaniasis is a vector-borne disease with two main clinical forms: cutaneous leishmaniasis (CL) and visceral leishmaniasis (VL) caused by infection of Leishmania parasites and transmitted by the bite of infected females of phlebotomine spp. Sand flies. The genus Leishmania includes about 20 species, widely distributed in more than 85 endemic countries, with 0.7-1.2 million new cases of CL every year, of which about a third occur in the Mediterranean region (Alvar et al. 2012) .
In the eastern Mediterranean basin, two species causing cutaneous leishmaniasis (CL) that manifests as skin sores are common: Leishmania major and Leishmania tropica. Leishmania major, transmitted exclusively by Phlebotomus papatasi, has been recognized as an endemic disease for a long time in the Jordan Valley (Adler and Theodor 1929) . During the last few decades, L. major has expanded toward the southern region of Israel (Negev highlands, the western Negev, the Arava) (Jaffe et al. 2004 , Wasserberg et al. 2002 . Phlebotomus major has lately emerged in a new focus in the Bet She'an Valley in the northern Jordan Valley which is some hundreds of km away from its known geographical distribution (Faiman et al. 2013) .
Although L. tropica is mostly commonly known as an anthroponotic disease from India to Syria (Maroli et al. 2013 , Schwenkenbecher et al. 2006 , it has also been observed in rock hyraxes (Procavia capensis), which were found to be highly prevalent as a host for the parasites, both in field and laboratory studies (Svobodová et al. 2006 , Talmi-Frank et al. 2010 . Several studies have noted a high prevalence of L. tropica in the vicinity of rock hyrax habitats, mostly in rural areas in the periphery of settlements, close to den sites and artificial rock piles (Jacobson et al. 2003 , Vinitsky et al. 2010 . A major concern was the rapid expansion and growth of rock hyrax populations in proximity to settlements due to their preference for artificial den sites (Kershenbaum et al. 2011) ; this was speculated to be the cause for the L. tropica outbursts in recent decades (Vinitsky et al. 2010) . Previous studies identified the preference of P. sergenti for rocky habitats (Kravchenko et al. 2004 , Moncaz et al. 2012 , Orshan et al. 2010 , probably due to improved abiotic conditions such as soil humidity, moderate temperatures, and protection from the wind. The habitat preference of P. arabicus was described in a single study conducted in the Korazim region, which found a relationship between irrigated habitats such as groves or gardens and a considerable presence of P. arabicus in rocky habitats (Kravchenko et al. 2004) .
Phlebotomus spp. distributions have been estimated in several studies in the Mediterranean basin, and some of them emphasized the limiting effects of elevation as related to mean temperature (Belen and Alten 2011 , El Sawaf et al. 2016 , Elnaiem et al. 2003 , Gálvez et al. 2011 , Sawalha et al. 2003 . Other studies correlated the distribution of sand flies to mean temperatures and relative humidity (Branco et al. 2013 , Gálvez et al. 2010 , Prudhomme et al. 2015 . In addition, several studies have emphasized the possibility of different seasonal activity patterns of uni-, bi-, or tri-modal, derived
Journal of Vector Ecology
December 2018 by some climate restraints but without a clear pattern related directly to a specific climatic factor (Alten et al. 2016 , Gálvez et al. 2010 , Killick-Kendrick 1999 . Various climatic variables affecting insect demography, which conjointly may play a complex role, are expressed by the combination of spatial distribution and temporal activity patterns (Gage et al. 2008) . Phlebotomus spp. distributions, similar to those of other insects, were broadly claimed to be primarily dictated by climatic conditions and are highly sensitive to variation in temperature. (Chaves and Pascual, 2006 , Cross and Hyams, 1996 , Gálvez et al. 2010 . Several studies, mostly in tropical regions, related the abundance of sand flies to precipitation levels (Ben-Ahmed et al. 2009 , Prudhomme et al. 2015 , Thompson et al. 2002 . Some interpretive studies have identified a response to climatic trends in southern Europe during the last few decades, reflected by the distribution of sand flies expanding northward (Gálvez et al. 2010 , Maroli et al. 2008 . Finally, evaluations of the effects of climate changes on sand fly populations and the risk of leishmaniasis have been conducted in a few studies involving a broad scale mapping of potential future distributions (Fischer et al. 2011 , González et al. 2010 .
The seasonal activity of P. sergenti in the eastern Mediterranean region during the warm season was reported in several studies, showing that during climatic conditions from spring (April-May) to late autumn (November-December) the flies exhibited a unimodal curve for seasonal activity with one peak in the late summer (August and September). The minimum night temperature in which P. sergenti activity was observed varied between 10° C to 18.5° C in different studies (Kravchenko et al. 2004 , Orshan et al. 2010 .The nocturnal activity of P. sergenti peaked in early night hours (Kravchenko et al. 2004) , which may also imply a relation to climatic conditions such as favorable temperatures. In addition, low activity of P. sergenti during the winter season has been reported in a study from the Judean desert, which might be restricted to regions with moderate winter temperatures (Orshan et al. 2010 ).
The common perception regarding high sensitivity of sand fly populations to climate variability, described in former studies, was limited to indirect data or at least to low spatial and temporal resolutions (Maroli et al. 2013) . The lack of proper data results in a poor correlation between climate and estimates of sand fly population sizes or activity levels. Many field studies present clear but simplified insights, mostly because of the difficulty in isolating the effect of variables in the field, the complexity of population dynamics, multi-scale effects, or even the lack of proper climatic data.
The current study attempted to identify the complexity of temperature effects both in local and broad temporal scales on vectors of L. tropica and to analyze the seasonality and distribution across altitudinal levels in a Mediterranean endemic zone, which reflects the climatic niche and implicitly delineates the spatial distribution of the abundance of sand flies.
MATERIALS AND METHODS

Study area
The area of sand fly (Phlebotomus spp.) surveys was situated in the eastern Galilee region of northern Israel, known as a hyper-endemic region of L. tropica since the late 1990s. The region is delineated in the northwest by the city of Safad, which presents the highest point of the study's elevation gradient (550 m). The Amnun Junction, near the Sea of Galilee, located at the southeastern part of the study area is the lowest point (-190 m) . Four sites at different elevations were selected (Figure 1 
Sand fly collection and classifications
A monthly survey of sand flies was initiated in April, 2015, and continued until April, 2016. Carbon dioxide (CO 2 ) traps (CDC-type) were used for catching sand flies, which enabled the comparison of results between the sampling points. Every trap contained 1.5 kg of dry ice as a bait. The positioning of the traps was below the rock-level of the dens in a wind-secured point. The traps were placed approximately 0.5 to 2 h before sunset, and collected 0.5-2 h after sunrise, which are the initiation and termination activity times of the sand flies. Following the collection of the individuals, Phlebotomus spp. sand flies were maintained in a 70% ethyl alcohol solution for detailed identification and classification in the laboratory. All other insects were removed.
Phlebotomus spp. or Sergentomyia spp. collected from each trap were identified by sex. The flies collected in each trap were sub-sampled and dissected in Hoyer's medium in microscope slides for taxonomical identification. Species were identified based on the morphology of the pharynx, the external genitalia of males, and the spermatheca of females using several keys. The individuals were divided into three groups: (a) P. sergenti, (b) P. arabicus, and (c) other (P. tobbi, P. perfiliewi, P. simichi, and others) which were removed from the analysis.
Climatic data
Temperatures were collected from the Israel Meteorological Service. The measurements were extracted from 18 meteorological stations located from the center of the Galilee to the Golan Heights. Data were investigated using two time scales:
I. Temp1 -the mean hourly temperature of early nighttime, during the trapping night, reflects the temperature during the main activity hours of the sand flies. Previous studies demonstrated that both males and females of P. sergenti tend to be active during the first hours after sunset followed by a rapid decline in their activity (Kravchenko et al. 2004) .
II. Temp2 -the average temperatures of early night-time of the two weeks prior to the trapping night, reflecting the temperature for the preceding period, which may trigger sand fly activity.
Using the data from all 18 meteorological stations, temperature values were interpolated for the specific elevations of the study sites using linear regression models, expressing the linear relationship between early night temperatures and elevation (Figure 2 ). Analysis was conducted for each of the trap-night dates, for both temperature variables: Temp1 -a single night, Temp2 -two weeks.
Additionally, we used five climate data loggers (WatchDog A150, Spectrum Technologies, Inc.) located inside each of the den sites, to measure the temperature and relative humidity at intervals of ten min. The loggers were located next to selected traps during the trapping nights.
A two-step hierarchical analysis approach was used to assess the relationships between environmental variables and sand fly abundance: a Bayesian population activity estimation, followed by regression analysis between the estimated values and environmental variables. The Bayesian analysis of sand fly activity levels was carried out using Royle's (2004) N-mixture approach, which facilitates analysis of observational data that are samples of the population. Our aim was not to estimate population sizes but rather the activity levels at each of the sites. We used N-Mixture models for closed populations (Royle 2004) to assess the activity levels at each trapping location per month, and these can be viewed as relative abundances at the sites. Each month was analyzed independently, where the traps at each site provided the repeated observations required for the analysis. As the monthly trappings were conducted during a single night, the assumption of a closed population was not compromised. An underlying assumption of the N-mixture models is that sampling is conducted with replacements, i.e., captured individuals are returned to the population pool. Thus, the sampling distribution follows a binomial one. This was not the case in this study, as the sampled individuals were removed from the population. Due, however, to the short life cycle of these species, the sampling scheme did not compromise the binomial distribution assumption, and the estimated abundance was indicative of population size at each of the sampling dates.
Estimates of population size were conducted for each site and month, both for P. sergenti (males, females, and both sexes united) and for P. arabicus (only both sexes united because of low abundance). Statistical analyses were conducted using the Unmarked package in R (Fiske and Chandler 2011) . The number of individuals captured varied greatly, resulting in over-dispersion in relation to the Poisson (P) or Negative Binomial (NB) distributions assumed in the N-mixture models. Therefore, data were ln transformed. Within each site, traps were considered as repetitions. Two explanatory variables were considered when estimating sand fly activity levels: site location, and trap differences within each site. This yielded four models: 1) a null model with no site or trap effect, 2) trap effect, 3) site effect, and 4) trap and site effect. Each of the four models was analyzed under a P or an NB distribution, yielding a total of eight models analyzed per species per sampling period.
Climate effects on sand fly distribution
Following the assessment of activity levels, the estimated abundance values were regressed against the independent variables. Linear and non-linear dependencies between the abundance of sand flies and climatic factors were tested by comparing the models using multiple regressions. Sites were treated as dummy variables. This part of the analysis was conducted using SPSS 21 (IBM Inc.) and the models were ranked based on comparing R 2 values. To assess whether the populations at the four sites respond differentially to the temperature variables we compared the slopes of the regression lines. The regression slopes are indicative of the magnitude of the response to the environmental factors. Additionally, we tested the effect of relative humidity (RH) obtained from the data loggers. It was found that RH had no significant effect on the activity of both species and therefore we excluded it from further analysis.
External model assessment
To examine and test the generality of the obtained climate driven models, we tested their suitability using data obtained from sand fly activity surveys conducted by the Israeli Ministry of Environmental Protection and the Ministry of Health in 2013. These surveys used the same trapping method (CO 2 baits, CDC-type) and contain data on both species, P. sergenti, and P. arabicus, suitable for testing the compatibility with the climate-driven models.
We selected three different sites located in settlements near our survey sites in the eastern Galilee: Karkom (90m'), Amnun (0 m'), and Korazim (165 m'). Similar to our study design, four traps were located at each site. These sites were located up to a distance of 3.2 km from our sites. Temperature variables and sand fly abundance were processed in the same way as described above for three months: August, September, and October, which are assessed to be the peak times for sand fly abundance (Orshan et al. 2010 ). Both temperature variables (Temp1 and Temp2) were extracted and processed. Temp1 was calculated using the methodology described above for seven of nine traps; Temp2 was calculated for all nine selected trapping nights. Model suitability was tested by comparing the Root-Mean-Square Error (RMSE) of the training data of 2015-2016 collected in the present study to the 2013 data for each of the species and temperature models.
RESULTS
The site with the highest number of both P. sergenti (males and females) and P. arabicus for all traps was AL, followed by LF and KR. The lowest number of P. sergenti was found in RZ with no detection of P. arabicus. At all sites, the lowest number of sand flies was recorded during the winter months, almost zero in KR, LF, and RZ, and a low but continuous presence in AL (Figure 1) .
P. sergenti presented a unimodal distribution during the summer months (Figure 3a,b) . P. arabicus presented a unimodal distribution in AL only, and a bimodal distribution in KR and LF (Figure 3c ). The seasonal abundance peak for all sites ranged from June (Julian date [JD] -154) to October (JD -285), with considerable differences in peak timing between sites, sexes, and species. For example, AL showed the highest number of P. sergenti females at the end of August (JD -243), males in October (JD -285), and P. arabicus in JD -209.
Estimates of activity
Most of the results for both sexes of P. sergenti and for P. arabicus followed a Poisson distribution, and significant differences between sites and traps were found. P. sergenti male activity levels for two months during the activity peak in the summer were found to be NB distributed. Male P. sergenti distribution during April, 2016 (JD -110) was not significantly different between the sites (Table 1) .
Climatic data
Regression models for the extracted temperature (IMS data) were found to be highly correlated for most of the months (R 2 > 0.9), excluding a single model (Temp1, February, 2016, R 2 = 0.6). Accordingly, the interpolated temperature values were used as dependent variables in subsequent analyses. Temperatures inside the den sites were found to be higher than the interpolated values for each site although they were highly correlated (R 2 =0.86). This correlation supported the use of the surrounding IMS station temperature data, given the high correlation values between temperature and elevation. The higher temperatures recorded within the den sites were probably due to warmer conditions next to the ground and the basalt rocks.
Climate and sand fly activity patterns
Multiple linear regressions, including local effects of different sites, were conducted for testing the climate effect on expected sand fly activity levels. All regressions exhibited significant results (P < 0.05). P. sergenti showed a stronger non-linear response to temperature. On the other hand, P. arabicus had a stronger linear correlation than non-linear. Temp2, the periodic temperature variable, exhibited a higher correlation to sand fly activity levels for both species compared with Temp1. A comparison among all models' adjusted-R 2 is presented in Table 2 .
Sites differed in regression slope coefficients of the relationship between temperature and expected sand fly activity. Trap, Site, "P" Trap, Site, "P" Trap, Site, "P" 3rd June, 2015 Trap, Site, "P" Trap, Site, "P" Trap, Site, "P" 31st June, 2015 Trap, Site, "P" Trap, Site, "P" Trap, Site, "P" 28th July, 2015 Trap, Site, "P" Trap, Site, "P" Trap, Site, "P" 31st August, 2015 Trap, Site, "P" Trap, Site, "NB" Trap, Site, "P" 11th October, 2015 Trap, Site, "P" Trap, Site, "NB" Trap, Site, "P" 25th November, 2015 Trap, Site, "P" Trap, Site, "P" Trap, Site, "P" 22nd December, 2015 Trap, Site, "P" Trap, Site, "P" Trap, Site, "P" 17th January, 2016 Trap, Site, "P" Trap, Site, "P" "P"
16th February, 2016 Trap, Site, "P" Trap, Site, "P" Site, "P" Table 2 . Multiple linear regression results for sand fly activity vs climate effect and local effects for sites. Table 1 . Activity estimates by date for P. spp. closed population assessments. For each sampling date, the best fit abundance distribution estimate is noted (Poisson, "P" or Negative Binomial, "NB"), and whether significant differences were found among the four sites (Site) and among the traps within the sites (Trap).
P. sergenti females, (b) P. sergenti males, and (c) P. arabicus. The site effects were defined in relation to the AL site. In all models, AL was significantly different from the other sites with respect to the temperature effect. Apart from LF for male P. sergenti, all other sites (CR, LF, and RZ for P. sergenti, CR and LF for P. arabicus) showed no differences among themselves. Figure 4 presents the response to Temp2 for female P. sergenti (a), male (b), and P. arabicus (c).
External model assessment
The results of the three external sites at which data were collected by other research projects (Korazim, Amnun, Karkom) showed patterns similar to the results obtained based on our data (Table 4 ). The best-fit models yielded above, based on the 2015-2016 data, were applied to the 2013 data using the RMSE measure (Table 5) . Lower RMSE values indicated a lower deviation and a higher fit with the yielded model. For both species and both climate models, RMSE values for the 2013 data were lower than the training data, suggesting a high suitability of the models.
DISCUSSION
The aim of our study was to investigate the effects of the ambient temperature on vectors of L. tropica at different temporal scales along an altitude gradient to reveal the fundamental factors driving sand fly seasonality in a Mediterranean endemic zone. Seasonal activity of P. sergenti and P. arabicus at one site (AL) exhibited a unimodal distribution with one peak, rising in April and declining in November; this is similar to results obtained by Kravchenko et al. (2004) and Orshan et al. (2010) . The bimodal distribution of P. arabicus in two sites (KR, LF) is different from a former study in the same region, the Korazim plateau (Kravchenko et al. 2004) , which may imply between-year variance for the same site. For most of the sand fly populations, peak activity occurs during July-October. Activity during the winter tends to decline and approach zero, but in both lower and warmer sites (KR, 40 m and AL, -200 m) low activity levels for both species were observed during most of the winter. Similar results were reported from other locations in Israel (Orshan et al. 2010 ) and in other studies in the Mediterranean basin a. August Trap, Site, "P" Trap, Site, "NB" Trap,Site, "P" September Trap, Site "P" Trap, Site, "P" Site, "P" October Trap, Site "P" Trap, "P" Trap, Site, "P" Table 5 . RMSE values for climate-driven models, train (2015) (2016) and test (2013) data.
or external drivers such as environmental variables. The most common N-mixture model result indicated a significant difference among sites and among traps within sites with a Poisson distribution for trap results. Distribution for male traps for the abundant trap nights (August-October) was negative-binomial, which frequently provides a better fit when the variance is greater than the mean (Royle 2004) . The N-mixture pattern for the external 2013 data exhibited a similar response. This suggests a consistent pattern for data obtained from traps to estimate sand fly activity, which is used to assess population densities. The seasonal pattern and differences among the four sites are explained by temperature variation over the year and along the elevation gradient. Our results show an exponential relationship between ambient temperature and sand fly activity, in contrast to previous studies which revealed only general correlations between temperature and sand fly abundance (Ballart et al. 2014 , Figure 3 . The estimated activity of sand flies by Julian date along selected sites in the eastern Galilee region. a) P. sergenti -female, b) P. sergenti -male, c) P. arabicus. (Al-Zahrani et al. 1997 , Boussaa et al. 2005 , Naucke et al. 2008 . In other species, apart from P. sergenti which is present throughout the rocky habitats in the Mediterranean region, P. arabicus distribution was limited to the basalt zone. This spatial property seems to be unrelated to climatic variables.
The importance of using the N-mixture models and the hierarchical model selection as a primary method is crucial for studies as an assessment of sand fly activity. Data achieved from various methods of field trapping may suffer several statistical pitfalls, such as zero inflated records and underestimation of activity because of patchy distribution in space even in uniform habitats. Therefore, the N-mixture estimate becomes an elementary process before accounting for the effects of process-based factors such as population dynamics, Figure 4 . Sand fly activity responses to temperature (Temp 2). Gálvez et al. 2010) . Sand fly activity was well correlated with temperature levels in early night hours for the trap night but with a considerable higher correlation with the average temperature of the previous two weeks, which may indicate the contribution of high temperatures to the acceleration of life cycles and the development of sand fly populations. An exponential relationship between P. sergenti and temperature levels was found to be slightly higher for males than females. This is similar to earlier studies showing higher sensitivity and a stronger response of sand flies to climatic conditions, particularly of males compared to females, (Müller et al. 2011) . P. arabicus exhibited a linear relationship with temperature, which may give an indication of its lower abundance compared to P. sergenti in the high season.
The suitability of models for data from the earlier 2013 surveys revealed a high suitability for both species, as expressed by the lower RMSE values for the validation data set, compared to the 2015-2016 train-data. This result indicates a firm non-linear relationship between sand fly activity and ambient temperatures in the activity hours of both species (Kravchenko et al. 2004) . Activity estimates at the AL site exhibited a stronger response of sand flies to temperature variation in comparison to the other sites, as expressed by the regression slope coefficient analysis for both temperature variables. This may imply higher adaptation of sand flies to local environmental conditions. Specifically, the interpretation of this result is that at the lower elevations, particularly at the AL site, sand fly populations increase much more rapidly as temperatures rise.
The main conclusions of the study are: 1) Ambient temperatures for early night successfully explained the high proportion of the variance in the spatio-temporal sand fly activity patterns, 2) The early night temperatures for a period of two weeks encompasses the continuous effect of temperature levels on population growth and performed more accurately as an explanatory factor for L. tropica activity and distribution in space and time, and 3) An exponential positive and linear relationship between temperature and P. sergenti and P. arabicus was demonstrated by using the most relevant climatic variable activity hours.
